Contaminant metals bound to sediments are subject to considerable solubilization during passage of the sediments through the digestive systems of deposit feeders. We examined the kinetics of this process, using digestive fluids extracted from deposit feeders Arenicola manna and Parastichopus californicus and then incubated with contaminated sediments. Kinetics are complex, with solubilization followed occasionally by readsorption onto the sediment. In general, solubilization kinetics are biphasic, with an initial rapid step followed by a slower reaction. For many sediment-organism combinations, the reaction will not reach a steady state or equilibrium within the gut retention time (GRT) of the organisms, suggesting that metal bioavailability in sediments is a time-dependent parameter Experiments with commercial protein solutions mimic the kinetic patterns observed with digestive fluids, which corroborates our previous study that complexation by dissolved amino acids (AA) in digestive fluids leads to metal solubilization (Chen & Mayer 1998b, Environ Sci Technol 32:770-378). The relative importance of the fast and slow reactions appears to depend on the ratio of ligands In gut fluids to the amount of bound metal in sediments. High ligand to sohd metal ratios result in more metals released in fast reactions and thus higher lability of sedimentary metals Multiple extractions of a sediment with dgestive fluid of A. marina confirm the potential importance of incomplete reactions within a single deposit-feeding event, and make clear that bioavailabllity to a slngle animal is l~kely different from that to a community of organisms. The con~plex k~netic patterns lead to the counterintu-it~ve prediction that toxification of digestive enzymes by solubillzed metals wlll occur more readily in species that dissolve less metals.
INTRODUCTION
Heavy metals can accumulate in marine organisms via uptake from external fluid phases or food ingestion (Harvey & Luoma 1985a) . Laboratory and modeling studies showed that the relative importance of the 2 pathways differs among metals with various biogeochemical behaviors (Harvey & Luoma 1985a , Thomann et al. 1995 . In general, metals with higher affinity to sedimentary surfaces have a lower assimilation efficiency (Luoma & Jenne 1977 ), suggesting. the importance of solubilization in metal bioavailability. Separa-tion of metal exposure pathways via water and food, however, indicated that food items could be priillary sources of bioaccumulation of Zn, Cd, C u , Hg, Pb, Ni (Thomann et al. 1995) and Ag (Harvey & Luoma 1985b) . The importance of this pathway was attributed to the greater metal concentrations in food items (e.g. seston and sediments), despite higher assimilation efficiency from fluid phases (Harvey & Luoma 1985b ). Thus metal solubilization from these food items is thought to be the first step for overall assimilation (Gagnon & Fisher 1997) , and any processes that enhance metal desorption~solubilization from solid phases may lead to a greater bioavailability (Chen 1997) . The importance of food ingestion and digestion in bioavailability was well illustrated with in vitro digestion experiments by incubating digestive fluids of marine deposit feeders with Cu-contaminated sediments; digestive fluid released 2 to 3 orders of magnitude more sedimentary Cu than seawater controls (Mayer et al. 1996) . A follow-up study showed that complexation of sedimentary Cu with amino acids (AA) in gut fluid was responsible for the marked dissolution, while the nearly neutral pH in gut fluids of these marine deposit feeders ruled out the possibility of an H+-mediated process (Chen & Mayer 1998b) . Although some of the solubilized metals may not be subsequently bioaccumulated, this process does expose guts to elevated concentrations of metals and can lead to digestive enzyme toxification (Chen & Mayer 1998a ). In addition, some amino acid-or peptide-metal complexes can be assimilated much more efficiently than inorganic metal species (Pecon & Powell 1981 , Ashmead 1991 .
In the previous in vitro digestion experiments, we showed that the amounts of sedimentary Cu dissolved over a fixed period (i.e. 4 h) varied among gut fluids of different species of organisms (Mayer et al. 1996 , Chen & Mayer 1998b ). This species-specific variation correlated with lumina1 concentrations of AA (Chen 1997 , Chen & Mayer 1998b ). In the present study, we focus on another factor with potential impact on the solubilization and bioavailability of sedimentary metals-the digestion time, or gut retention time (GRT) during in vivo digestion. GRT varies greatly among species of deposit feeders and is a n important factor in their digestive capacities (Penry 1989) . GRT correlates positively with increasing gut volume (and body size) among deposit feeders with tubular guts under a given diet quality (Penry & Jumars 1990) . Variation in food quality is an important factor leading to intraspecific variations in GRT (Cammen 1980 , Taghon & Jumars 1984 , Taghon & Greene 1990 . Our objectives, therefore, are (1) to determine the bioavailability of sedimentary metals (Cu, Cd, Pb) within digestive constraints such as GRT and AA concentrations along gut sections of 3 benthic invertebrates, and (2) to reveal factors determining the kinetics of metal solubilization in guts. First, time-courses of sedimentary metal dissolution were observed by conducting in vitro digestion experiments of vaiious sediment-organism combinations. Kinetics were then compared by quantifying reaction rates and apparent pool sizes of sedimentary metals, and were further analyzed based on the variation of gut AA and sedimentary metal concentrations. Solutions of bovine serum albumin (BSA) with different concentrations of AA were used to simulate gut fluid incubated with the same sediment. In addition, repeated extraction on the same sediment by fresh aliquots of gut fluid provided an ecotoxicological context. Finally, a conceptual model of metal solubilization in gut sections was set up based on the ligand concentrations along gut sections.
METHODS AND MATERIALS
In vifro digestion. Digestive fluid from the digestively intensive sections (midguts) of the polychaete Arenicola marina and the holothuroid Parastichopus californicus were extracted as in Mayer et al. (1996) . These organisms were chosen because they could provide enough volume of digestive fluids for experiments and because of their large range of GRT, from 1-2 h (A. marina, McLeod 1994) to 5-9 h (P. californicus, Self et al. 1995) . In addition, a suspension-feeding holothuroid (Cucumaria frondosa) was also selected to study the variation of metal bioavailability due to a different feeding mode, although experimental data on GRT of C. frondosa are unavailable at this time. Sediment particles were removed from gut fluid by centrifugation at 8000 X g and 4°C for 30 min. Gut fluid from multiple individuals (>10) of the 3 species were pooled and stored in 1.5 m1 plastic vials at -80°C until experiments. Concentrations of total dissolved AA in gut fluid, an important parameter in metal remobilization (Chen & Mayer 1998b) , were analyzed by hydrolyzing samples in 6 N HCl, derivatizing the AA with orthophthaldialdehyde, and assaying fluorometrically using a Hitachi FL4500 fluorometer. This method typically yields results with coefficients of variation <10%.
Contaminated sandy, surface (5 mm) sediments were collected in intertidal zones at Boothbay Harbor (BH), Maine, USA (total Cu, Pb and Cd concentrations = 11 14, 186 and 0.33 ppm), and Portsmouth Harbor (PHI, PH2), New Hampshire, USA (total Cu, Pb and Cd concentrations = 182, 7 4 and 0.14 ppm for PHI; and 204, 88 and 0.08 pprn for PH2). Excess copper and lead in sediments presumably originated from nearby shipyard activities. Total sedimentary metal concentrations were measured by a graphite furnace atomic absorption spectrophotometer (GFAAS) with an ultrasonic slurry sampler as in Mayer et al. (1996) , and the methods were certified with the standards MESS-1 and BCSS-l For in vitro digestion experiments, sediments were first centrifuged to remove most of their original pore water. Sediments (about 0.2 g wet weight, 3 replicates) were then incubated with 500 p1 digestive fluid or seawater (as a control, collected from the Damariscotta Estuary, Maine). The mixtures were then held at room temperature on a shaker either for a fixed period of 4 h or for a period of 2 to 360 min during kinetic experiments. Controls also ~ncluded digestive fluid without sediment. During the kinetic experiments, incubations were stopped periodically by centrifugation at 8000 X g for 30 min at 4°C. Metal contents in fluids were measured by GFAAS with a coefficient of variation < 5 % (Chen & Mayer 1998b). Final metal concentratlons in gut fluid after incubation were corrected by subtracting those in seawater, assuming that seawater releases only metals associated with pore water or loosely adsorbed fractions. Thus the final concentrations represent the amounts of metal dissolved by digestive agents alone.
BSA (bovine serum albumin) incubation. Because dissolved gut AA plays an important role in solubilization of sedimentary Cu (Chen & Mayer 1998131, we used solutions of the protein BSA (Sigma P6529), with varying AA concentrations, to mimic the in vitro digestion experiments with digestive fluids of the 3 studied species and the sediment PHI. The BSA experiments thus provide insights on the effects of AA concentration alone on the kinetics of metal solubilization. Concentrated BSA solutions were diluted with 0.85 % NaCl (the media in concentrated BSA stocks) to achieve BSA solutions with 8.3, 333 and 1667 mM AA, encompassing the range of AA concentrations of gut fluid found by Mayer et al. (1997) . No contamination of metals was found in the 0.85% NaCl solution, which was used as a control fluid for the BSA experiments.
Processing of kinetics data. Metal concentrations in the 500 p1 incubation fluids were divided by the dry weight of respective sediments to reduce variation due to differences in weight of sediment (113.5 % for same sediments and 520% among sediments). Data from this treatment thus represent metal concentrations (PM) in an incubation experiment at a fluid:dry sediment ratio of 500 p1 to 1 g Most of the data clearly showed a biphasic reaction, including a fast and a slow portion, which cannot be modeled with a single, conventional kinetic expression. A combination of 2 first-order reactions, however, could generally simulate the observed data: num or steady state assuming first-order kinetics. A positive transfer (m0 = m1 + m2) is the amount of sedimentary metals released during the time-course, and the amount of gut metals lost during re-adsorption (only during slow reactions) yields a negative m2. Although these biphasic kinetic data could be curvefitted with a variety of algebraic expressions, the format of Eq. (1) allows us to focus on quantitative comparison of kinetics among various gut fluid-sediment combinations. Thus we intend to deduce neither the exact order nor the explicit expression of a reaction; rather, Eq. (1) is a convenient way to measure the extent of the total projected metal (mO) being released by the 2 reactions expressed by F-and S-transfers. Similarly, the rate 'constants' (K1 & K2) should be used only descriptively, because they may depend highly on both the experimental conditions and the method of data fitting. For example, rate constants for the F-transfer (Kl) were essentially determined by 1 or 2 initial data points. Their values are therefore controlled by the timing of the first sampling, and hence K1 2 the value shown.
Cu, AA and digestive enzymes along gut sections. In order to compare the kinetic data from incubation experiments with in vivo distributions along gut sections (i.e. foregut, midgut, mid-hindgut and hindgut), Table 1 Cu concentrations (pm01 1-' gut fluid, * 1 analytical SD), dissolved amino acids (AA, pm01 l-' gut fluid) and enzyme activities (PM substrate hydrolyzed min-') along gut sections of 4 species of deposit and suspension feeders. Specimens were collected from Puget Sound, Washington, USA. Information on s a m p l~n g , taxon and feeding mode in parentheses (I: intertidal, P. polychaete, H: holothuroid, SFC-DPF. surface deposit feeder, FF: suspension feeder, ND: not determined)
where [M] is the net amount of metal in gut fluid or BSA solutions at t (incubation time), m0 is the asymptotic value of total remobilizable metal in sediments, m1 and K1 are the asymptotic amount and rate constant of the quickly transferred metal, and m2 and K2 are those of the slowly transferred metal. A computer program, KaleidaGraph, was used to curve-fit the metal concentrations from all kinetics experiments and yielded values for m and K. Essentially, we assign the total solubilized metals into 2 phases with Eq. (1): an F-transfer (the 2nd term) being released quickly and an S-transfer being released or re-adsorbed (i.e. back reactions) slowly (the 3rd term we analyzed Cu concentrations by GFAAS on a set of gut fluids remaining from a previous stu.dy (Mayer et al. 1 9 9 7 ) , for which AA concentrations and enzyme activities were known. The set of gut fluids included those from 1 individual each of 4 species, the polychaetes Eupoiymnia heterobranchia and Schizobranchia insignis and the holothuroids Leptosynapta clarki and Cucumaria miniata ( Table 1 ) . Multiple extractions. 1 m1 gut fluid of Arenicola manna was incubated with 0.4 g wet BH sediment (3 replicates) for 4 h and subsequently removed by centrifugation at 8000 X g and 4°C for 30 min. A fresh aliquot of gut fluid was then added to the sediment to repeat the extraction; this sequence was carried out a total of 7 times to mimic a scenario of this plug of sediment being processed by 7 individuals of A. marina. Copper and lead concentrations in each aliquot of gut fluid were measured by GFAAS.
RESULTS AND DISCUSSION

Digestive kinetics
In experiments with sediment BH, Cu concentrations in digestive fluid of Arenicola manna, Parastichopus californicus and Cucumaria frondosa increased rapidly, followed by either a gradual increase or decline (Fig. la-c, j-l) . The leveling in Cu concentrations toward the end of the incubation suggests limitation of one of the reactants-Cu-binding ligands in gut fluid or remobilizable Cu in sediments. Declines, or back reactions, were often observed in experiments using C. frondosa gut fluid ( Fig. lc, l) , presumably because of re-adsorption of Cu, perhaps as Cu-protein complexes, onto sedlments. Back reactions may have occurred in all of the experiments, but the effects might have been below the detection limit in some experiments (e.g. These time-course experiments indicated that the amounts of metal released, which presumably would be available to the digestive systems of deposit feeders, depend on incubation time. Thus deposit feeders with different GRT but similar ligand concentrations may be exposed to different amounts of heavy metals even if they ingest the same sediment. F-transfer metals were generally solubilized well within the GRT of all 3 species (Fig. 1) . Reactions involving S-transfer metals varied among organisms and metals. In Arenicola manna experiments, the release of S-transfer Cu and Cd did not complete within its GRT, so that more would be released if its GRT were longer ( Fig. l a , g , j , p), but the Pb reaction was close to completion. In contrast, all S-transfer metals in Parastichopus califor-nicus experiments were near completion at time scales similar to its GRT ( Fig. l b , e , k, n). In Cucumaria frondosa experiments, back reactions were associated with all Cu kinetics ( Fig. l c , l) , but Pb reactions were positive and near completion ( Fig. If, 0 ) .
Time-courses and the degrees of completion within GRT were functions of fluid types (i.e. animal species), sediments and metals. Because dissolved gut AA are the primary agents responsible for Cu release (Chen & Mayer 1998b ), variations of Cu release kinetics in the present study can be interpreted by comparing concentrations of AA among gut fluids (Fig. 1 ). When AA concentrations were high, as with Arenicola marina, both fast and slow reactions were observed. In Parastichopus californicus (with low AA), Cu-binding llgands could be quickly saturated, and thus slow reactions were less pronounced ( Fig. 1 ). Although little information is available on the identities of Cd-and Pbbinding agents in gut fluids, ongoing studies indicate that they differ from that of the Cu-binding agent (Chen & Mayer unpubl. data) . Lower ligand concentrations or sedimentary loading may account for the smaller magn~tudes of transfer and near completion of Pb reactions, but the former factor seems more likely because more Pb was released when additional ligand was added (see following section). Metal kinetics apparently differed among the sediments (Fig. l ) , which cannot be explained solely by the variations of sedimentary metal loading and suggests the importance of interactions between gut fluid and sediment.
Strong back reactions in gut fluid of Cucumaria frondosa ( Fig. lc, 1) and Arenicola manna ( Fig. l g , m) may be derived from the formation of surface-reactive, metal-ligand complexes. Elliott & Huang (1979 , 1980 and Baffi et al. (1994) indicated that the formation of metal-AA complexes could either enhance or reduce adsorption of metals and ligands. The significance of this effect can be influenced by the ratio of ligand to metal, which determines the sign of charges of the complex species and thus the mechanisms of their adsorption (Elliott & Huang 1979) . For example, neutral metal-AA complexes may behave more like organic molecules and adsorb onto solid phases via hydrophobic interactions, while charged metal-AA complexes may interact electrostatically with the solid surface. Metal binding may also bridge 2 or more ligand molecules and increase the size of the complex, which could lead to precipitation. Furthermore, a fraction of the released metals may associate with ligands of very large molecular weight (e.g. proteins), which could be destabilized in an aqueous environment due to metal-induced loss of hydrophilic-hydrophobic balance. This last possibility exists at least in A, marina gut fluid, in which significant amounts of Cu and Cd were associated with ligands with molecular weights >l00 kDa (Chen 1997) .
Low Cd loading in these sediments in comparison to C u and Pb (see 'Methods and materials') not only led to less net release but also led to net adsorption of Cd already dissolved in the original gut fluid (e.g. Fig. lg ). For any given ligand, the sediment surface serves as a potential adsorbent for: metal-llgand complexes. Net release of Cd will occur only if sufficient sedimentary Cd complexes to an amount of dissolved ligands that exceeds the loss of Cd-ligand complexes to adsorption. This principle was demonstrated with the BSA experiment, in which the ligand type was held constant but its concentration varied (Fig. 2c ). Low BSA (8.3 mM AA) solution solubilized a small amount of sedimentary Cd, which subsequently was lost to binding sites in sediments as Cd-BSA complexes.
Cucun~aria frondosa showed the greatest susceptibility to back reactions (Fig. lc, l) , which probably is due to the fact that C. frondosa is primarily a suspension feeder (Jordan 1972) , and the experimental conditions may be unrealistic of in vivo conditions. Its digestive enzymes are not accustomed to large quantities of inorganic surfaces, perhaps making it susceptible to net adsorption of gut ligands. Previous physiological data showed that gut fluids of suspension feeders (including C. frondosa) have less surfactancy (i e. no rnicelles) than their deposit-feeding counterparts ( mcluding Parastichopus californicus, Mayer et al. 1997) . Because surfactants enhance the solubility of hydrophobic organic materials considerably (Dial10 et al. 1994) , lack of surfactancy in gut fluid of C. frondosa may explain the frequent occurrence of back reactions in experiments on this species. BSA experiments allowed us to test for variation in kinetic patterns due to ligand concentration alone. Similar metal remobilization patterns were found as in those involving gut fluid with the same sediment (Fig. 2 vs Fig. l ] . In agreement with gut fluid incubations, increasing BSA concentrations led to more metal remobilization (Figs. 2 & 3d-f ). However, increases in total amounts of transfer were clearly not linearly proportional to the increase in BSA concentrations ( Fig. 3d-f Figs. 2 & 3d-f) . In experiments at low BSA concentrations, F-transfer metals accounted for a larger proportion of the total with a second reaction that was small, absent, or negative (Fig. 2) . Except for Cd, which was limited in sedimentary loading (Fig. 3f) , increasing BSA concen- trations led to increases in both fast and slow transfers ( Fig. 3d, e ), indicating that for a given collection of ligands, total bioavailable metals (i.e. F-plus S-transfers) in this sediment vary with total ligand concentrations. BSA at similar AA concentrations removed more Pb than did gut fluids of Arenicola marina (Fig. 3e ), which suggests that the sizes of bioavailable pools also varied with the types of interacting ligands and perhaps the number of Pb-binding sites per mole AA. Therefore, AA concentration is not as predictive for Pb remobilization as for Cu and Cd (Fig. 3d, f ; Chen & Mayer 1998b), which may be due to differences in the proportion of Pb-binding sites 'between gut fluids and BSA.
Rate constants and sedimentary metal lability
Rate constants of the F-transfers (Kl) were generally at least 1 or 2 orders of magnitude higher than those of the S-transfers (K2), except for experiments Table 2 . Lability of Cu, Pb, and Cd (pM g-' sediment min-', in italics) in sediments from BH, PHI and pH2 and rate constants of F-and S-transfers (K1 and K2, min ' I (in parentheses) derived from the incubation experiments ( Fig. 1) in which back reactions became important (Table 2) . Rate constants in BSA experiments were in the same range as in gut fluid experiments. The narrower variation in K-values over a large range of BSA concentrations, as contrasted to larger variations in gut fluid experiments on the same sediment or among sediments (Table 2), suggests that the K-values depend not simply on the AA concentration in gut fluid, but also on fluid type (i.e. species of organism) and sediments.
Sedimentary metal lability (m1 K1 + rn2K2), defined as the initial rate of metal transfer to digestive fluids, provides a time-based parameterization of metal bioavailability to digestive attack. Because K19K2 in all of the experiments, the term m1 K1, which corresponds to F-transfers, determined the magnitude of lability in each sediment-organism combination. Higher lability in sedimentary metals may damage the digestive system of deposit feeders (Chen & Mayer 1998a) . Cu lability was the highest among the metals In the sediments (Table 2) , which is largely due to the sedimentary Cu concentrations being higher than those of Pb and Cd. Similarly, sediment BH, which was heavily contaminated with Cu and Pb, had the highest labilities am.ong the sediments. The rank of metal lability for the same sediments among gut fluids and BSA solutions was generally consistent with the rank of AA concentrations (Table 2 ) . Thus the combination of large sedimentary metal loading and elevated concentrations of gut AA leads to higher lability. However, metal lability of t h e same sediment also depended on the fluid types (i.e. species of organisms), as indicated by the inconsistencies between BSA and gut fluids of similar AA concentrations.
Kinetic patterns observed in this study indicated that metal bioavailability in a given sediment-gut fluid combination may derive from a fast and, sometimes, a slow reaction. The magnitudes and relative importance of the Fand S-transfers, and thus the total bioavailable pool within the incubation time frame, did not appear to be a simple function of any individual component in the reactions, but rather a result of an interaction between gut ligands and sedimentary metals. Varying kinetics among metals for a given gut fluid-sediment combination, on the other hand, were likely derived from the specificity of metal-binding ligands or due to the contribution from varying solid chemistry. For example, the amino acid histidine i.s responsible for the bulk of Cu solubilization (Chen & Mayer 1998131 , while another kind of amino acid or a different combination of binding sites might determine Pb solub~lization. Results from gut fluid and BSA experiments ( Figs. l & 2) suggest that variations in the mole ratio of ligand to metal-loading in an incubation experiment were also critical in determining the pattern of kinetics. Under a low AA to sedimentary Cu ratio of 9:l (given [AA] = 8.3 mM in 500 p1 BSA and [Cu] = 182 pg g-' in 0.16 g dry sediment PHI, Fig. 2a ), the solubilization of Cu was primarily limited by the ligand pool; a relatively small amount of the sedimentary Cu was released, and this release was dominated by F-transfer (12 min). Increasing ratios of AA:Cu loading to 363:l ([AA] = 333 mM) and further to 1820:l ([AA] = 1667 mM) led to more Cu operationally being defined as F-transfer (12 min), and the appearance of significant S-transfer ( Figs. 2a & 3d) . The increase of both F-and S-transfer when the AA:Cu-loading ratios increased from 363:l to 1820:l (Fig. 3d ) cannot be explained by the existence of 2 distinct pools of sedimentary Cu, otherwise there would have been an identical amount of F-transfer and an increasing S-transfer with increasing AA concentrations. Thus F-and S-transfers may not necessarily represent metals derived from 2 distinct sedimentary pools, but instead result from a sequence of reactions ranging from extremely rapid to completely inert (i.e. non-reactive during the experimental time frame). The lability of sedimentary metals, operationally defined as the rate of transfer to gut ligands, is clearly a function of the varying reactivity of gut ligands; in other words, the reactivity of gut ligands makes sedimentary metal labile.
Variation in the lability of sedimentary metals (i.e. the initial rate of transfer: m1 K1 + m2K2) may have both a thermodynamic and a kinetic basis. Sedimentary metals are probably bound to a spectrum of strong to weak solid-phase ligands (Luoma & Jenne 1977) , as suggested by varying metal affinities towards different competing components in sediment (Calmano et al. 1988 ). The fact that only a small fraction of sedimentary metals was solubilized (Mayer et al. 1996) within a wide range of incubation times (Figs. 1 & 2) corroborates the concept of variable metal-binding strength in sediments. Similarly, dissolved gut ligands also harbor a spectrum of strong to weak metal-binding sites, and only a fraction of binding sites are sufficiently strong to participate in metal solubilization (Chen & Mayer 1998b ). The 'm' terms in the lability components are apparently controlled by the difference in free-energy states between the sedimentary and gut ligands, because increasing dissolved ligands relative to given amo.unt of sediment resulted in higher metal solubilization ( Fig. 3d-f ). An important implication is that the magnitude of m1 or m2 might be limited by the amount of ligands of a threshold binding strength either in solution or on the solid phase (see 'Multiple extraction' section). Variations either in accessibility (e.g. diffusion) of metals through a sedimentary matrix or in activation energy of reactions likely control the 'K' terms of lability, although our experimental approach does not allow us to specify the processes responsible for variations in K. This analysis strongly suggests that the bioavailability of sedimentary metal is not a capacity of either sediments or species of organisms alone. Rather, it should be viewed as a product of organism-sediment interactions.
Multiple extraction
Total remobilizable Cu in the sediments declined rapidly after the first incubation cycle and then slowly decreased further over ;he remaining 6 cycles (Fig. 4a ). Because the experiment provided additional ligands in each subsequent incubation, smaller release during the last few cycles suggests that labile sedimentary Cu was limited, which is consistent with the conceptual model above in that each aliquot of digestive fluid sequentially removed the most-labile Cu remaining in the sediment. Each digestive cycle represented a 4 h experiment, so that the x-axis could be viewed as a n extended time for in vitro incubation. Fig. 4a thus essentially shows a 'fast transfer' within the first 4 h, followed by a small 'slow transfer' lasting an additional 24 h, corroborating the biphasic kinetics in a normal in vitro digestion (Fig. la) . This experiment could also be viewed as an ecotoxicological extension of individual toxicokinetics, in which a plug of sedi- ments went through 7 Arenicola manna guts with highest Cu exposure in the first gut. Assuming that kinetics m the first digestion cycle resembled that in Fig. l a (1.e. 80% completion within 4 h ) . the amount of Cu dissolved in the second cycle can be predicted by calculating the uncompleted part of the S-pool in the previous cycle. This calculated value is within a factor of 2 of the observed release, suggesting that most of the Cu released after the first cycle was probably the continuation of the slow reaction in Fig. l a . This behavior is also an indication of solid phase Cu limitation in spite of a continuous supply of fresh digestive fluid.
The remobilization of Pb differed greatly from that of Cu in that a roughly constant amount of Pb was released during each digestive cycle, suggesting saturation of Pb-binding ligands in each of the 7 aliquots of gut fluids (Fig. 4b ). Incubation of sediment BH with solutions of another conln~ercial protein (casein) of similar AA concentration, on the other hand, removed 1 order of magnitude more Pb than the gut fluids (data not shown), which corroborates the hypothesis that low concentrations of Pb-blnding ligands in gut fluid were the limiting factors in Pb solubilization. However, the biphasic kinetic data in Fig. I d showed 90% completion within the first 4 h of incubation and thus provided no hint that a similar amount of Pb would be dissolved in the second cycle. Therefore, the behavioral difference between Cu and Pb reveals an important ecotoxicoloyical implication.. similar kinetics within the first gut passage does not necessarily result from a similar solubilization mechanism (i.e. solid-phase limitation for Cu vs ligand limitation for Pb).
Solubilization during gut passage
What is the time-course of dissolution when sedimentary grain.s are subjected to In vivo digestion by a deposit feeder? The guts of many deposit feeders are tubular, with 3 or 4 morphologically distinct sections: foregut, midgut, mid-hindgut and hindyut (Penry & Jumars 1990) . Although the functional differences among these gut sections are still under investigation, literature data suggest that higher extracellular enzyme activity (Mayer et al. 1997 ) and absorption (Kaganovskaya 1983 , Self et al. 1995 both occ'ur in gut sections with enlarged, surface area in the form of epithelia1 folding (Sampson et al, unpubl. data) , such as the midgut to mid-hindgut of Arenicola manna and foregut to midgut of Parastichopus californicus. High AA concentrations are often associated with high enzymatic activity around the midgut region, making this area an intensive zone of digestion, while lower values are found in the posterior gut (Mayer et al. 1997) . This pattern of AA distribution, coupled to the time-courses of in vitro digestion (Figs. 1 & 3) , suggests varying patterns of metal remobilization along the guts, in terms of fast and/or slow reactions.
A conceptual model of Cu solubilization is proposed (Fig. 5) for a plug of contaminated sediment moving through the gut of an Arenicola marina or a Parastichopus californicus, in which the relative geometry of gut sections is adapted from Sampson et al. (unpubl. data) . We examine these 2 deposit feeders because their guts represent 2 contrasting types of digestive strategies, with stronger digestive activities (e.g. high enzyme activity and AA concentration) in guts of shorter GRT (i.e. A. manna) and weaker digestive activities in guts of longer GRT (i.e. P. californicus). The AA profile along the gut was derived from only 3 or 4 data points in Mayer et al. (1997) , and thus does not necessarily represent the actual, continuous AA distribution along the gut. Under such a simplified assumption, the 2 species' anterior gut sections can be viewed as different reaction chambers with gut fluids of different AA concentrations. In A. manna, the anterior sections would be exposed to only a fraction of available Cu in the form of the F-transfer (e.g. Fig. l b ) because of low AA concentrations, by analogy with the low [BSA] (Fig. 2a) . A biphasic reaction (e.g. Fig. l a ) would be expected in the midgut region containing high concentrations of ligands, while Cu dissolution in the hindgut could be a very reduced continuation of the slow reaction in the previous gut section. Back reactions, due to instability of ligand-Cu complex and subsequent re-adsorption to sediment, might occur in any gut section; thus the cumulative Cu solubilization profile shown is not necessarily the same as the expected profile of Cu concentration. Gut absorption and secretion of dissolved Cu would also affect the increasing trend of Cu accumulation towards the posterior of the gut, but the lack of absorption and efflux data does not allow quantitative estimates. Nevertheless, this analysis indicates that the midgut of A. marina would face a dramatic increase in Cu exposure relative to the foregut. In contrast, lower AA concentrations in the gut fluid of P. californicus would remobilize only a fraction of available Cu in foregut and midgut, with no significant slow reactions ( Figs. l b & 5b) . Extremely low activity of free metal ions in gut fluid (Chen & Mayer 1998a, b) suggests that metal-ligand complexes, in addition to ionic forms, are the available species for metal absorption in guts. Absorption of metal-ligand complexes may follow that of smaller organic molecules (i.e. AA) via either passive diffusion or carrier-mediated pathways (Self et al. 1995) . The association of significant fractions of metals in low molecular weight fractions (13 kDa; Chen 1997 , Chen & Mayer 1998b provides such a possibility. Furthermore, Cu concentrations along the guts apparently paralleled those of AA found among various species of deposit and suspension feeders in their natural habitats (Table l ) , corroborating this hypothesis. The formation of neutral metal-ligand con~plexes during in vitro digestion, in addition to the build-up of high metal concentrations at the mid-hindgut, may facilitate absorption of metals via passive diffusion (Andersen & Nielsen 1991, Phinney & Bruland 1994). Carnermediated pathways, designed specifically for the AA ligands, may be hindered by conformational changes of organic ligands during the formation of metal complexes and by potential interference of metal with the proteinaceous carrier systems. Sedimentary metals remobilized during deposit feeding may be toxic to the digestive systems, as well as to other organismal functions (e.g. respiration, reproduction). In a previous study, we observed that sufficient Cu from contaminated sediments could inhibit digestive proteases of Arenicola marina (Chen & Mayer 1998a ). This threshold AA:Cu ratio was found to be about 300 during in vjtro digestion, which sets up the basis for a toxicological parameter for Cu-contaminated sediments. This toxicological ratio is also applicable to deposit-feeding holothuroids (Chen & Mayer unpubl. data) . Using this ratio, the threshold bioavailable Cu concentrations encountered in this study can be calculated as 4020, 160, and 210 pM g-I sediment for gut fluid of A. manna, Parastichopus californicus and Cucumaria frondosa, respectively, given their respective AA concentrations (Fig. 3) . Therefore, in A. marina experiments, it took about 140 min to reach the threshold Cu concentration in the BH sediment ( Fig. la) , which is longer than the GRT of this species (McLeod 1994) , while Cu concentrations in sediments PHI and PH2 did not reach the threshold over the entire 4 h incubation (Fig. lj) . This analysis suggests that the release of sedimentary' Cu would not inhibit proteases of A. manna in vivo, because the sediments would spend only a fraction of the GRT in the midgut section (Fig. 5a) . In contrast, the remobilized Cu concentrations in the 2 holothuroid species would reach inhibition threshold levels within minutes of incubation ( Fig. Ib-c , k-l), suggesting their greater susceptibility to Cu-contaminated sediments. These calculations indicate that given the same type of Cucontaminated sediments, animals with poor ability to dissolve Cu (due to lower gut ligand concentrations) are the most susceptible to toxification of digestive proteases within the gut. This counterintuitive result derives from the fact that Cu solubilization at lower gut AA to sedimentary Cu ratios is dominated by the fast reaction, and the toxification effects can set in within a short period of time ( 5 2 min).
Assuming that pelletized sediments move through the gut at a constant volumetric rate (continuous feeding and plug-flow; Penry & Jumars 1990), time to travel through a gut section should be proportional to its length, which means that only a fraction of GRT is used for digestion and dissolution (Fig. 5 ). This digestive constraint, in addition to the effects of gut ligand concentrations on kinetics (Fig. l ) , has important implications for better understanding sedimentary metal bioavailabilities via in vitro digestion experiments. First, incubation time during a n in vitro digestion should be adjusted according to the GRT and gut morphology of the species concerned. In addition, the variation in chemical composition of digestive fluids among gut sections (Mayer et al. 1997 ) should be taken into consideration in order to measure metal exposure within each gut section. Based on the metal exposure data in each gut section, the cumulative metal exposure during 1 digestive pass of deposit feeding can be calculated by integrating the metal concentration expressed as Eq. (1) over the fraction of GRT in each gut section. Finally, the removal term for the dissolved metals, including re-adsorption onto sediment and gut absorption, should also be studied in order to bridge sedimentary metal dissolution with bioaccumulation.
Implications for biogeochemical cycling of metals
Several lines of evidence presented in this and earlier studies strongly suggest that digestive solubilization or remobilization of sedimentary metals occurs under field conditions. A striking positive relationship between in vivo metal and AA concentrations was also revealed among digestive fluid of 8 species of invertebrates (Chen 1997) , and along gut sections (Table 1; Chen 1997 ), suggesting a close link between digestive activity and metal solubilization. The results indicate that digestively enhanced solubilization occurs much faster than previously recognized, sedimentary diagenetic processes (Aller 1978) . Much higher concentrations of metals ( > l to 2 orders of magnitude) were released by digestive fluid, relative to seawater controls, in the time frame of hundreds of minutes (Mayer et al. 1996; Fig. l) , in comparison to a much smaller release within tens of days in microbially mediated diagenesis (Gerringa 1990 , Paulson et al. 1991 . Bioturbation by benthic organisms, including feeding and burrowing, can alIeviate somewhat the diffusional limitation, but early studies mainly focused on the effects of physical mixing (Bosworth & Thibodeaux 1990 ) and downward circulation of oxygenated water through extended burrow systems (Aller 1978) . For example, a modeling study (Thomann et al. 1993) suggested that physical mixing alone can stimulate the rates of early diagenesis and the efflux of sedimentary metals by an order of magnitude. Our results (Mayer et al. 1996) thus indicate that this magnitude of enhancement by bioturbation in Thomann et al. (1993) is probably a substantial underestimate because it did not include digestion. Incorporation of digestion effects into a bioturbation model (e.g. Thomann et al. 1993) requires accurate estimation of sediment reworking rates by various species of deposit feeders, but such data are available for only a few systems (Cadee 1976) .
The biogeochemical cycle of metals could be altered should the dissolved sedimentary metals be excreted by the organisms. Complexation with dissolved organic ligands will greatly Increase the solubility of many transition metals, result in longer residence times of these metals in the water column, and thus greater mobility in the environment (Donat & Bruland 1995) . Re-adsorption of metal-ligand complexes during digestion may change sedimentary metal speciation. converting inorganic to organic solid phases.
Conclusions
The time-resolved in vitro digestion experiments in this study show that bioavailability of sedimentary metals during deposit feeding is not a single-value parameter. Rather, it vanes as a function of dissolved gut amino acids (AA), gut retention time, sedimentary metal loading and species of organisms, and hence is a product of sediment-organism interactions. The complex nature of bioavailability is created by the spectrum of sedimentary metals with varying lability interacting with a spectrum of metal-binding sltes in gut fluid. In general, higher lability of sedimentary metals occurs when organisms with high AA concentrations feed on high metal-loaded sediments. As a result of these interactions, the solubilization of sedimentary metals during in vitro digestion were biphasic, with an initial rapid step (F-transfer) followed by a slower reaction (S-transfer). Variations in the ratio of gut ligand to sedimentary metal concentrations appear to influence the relative importance of F-and S-transfers in certain sediment-organism combinations, with an increasing ligand to metal ratio enhancing the importance of S-transfer. Because inhibition of digestive protease by solubilized sedimentary Cu occurs at gut AA:Cu ratios 5 300 (Chen & Mayer 1998a), toxification of digestive enzymes is predicted to occur more readily in species with lower gut AA concentrations. Multiple extraction experiments revealed that metal bioavailability to a single organism may differ substantially from that to a community of organisms.
